The rpoH regulatory region of different members of the enteric bacteria family was sequenced or downloaded from GenBank and compared. In addition, the transcriptional start sites of rpoH of Yersinia frederiksenii and Proteus mirabilis, two distant members of this family, were determined. Sequences similar to the σ 70 promoters P1, P4 and P5, to the σ E promoter P3 and to boxes DnaA1, DnaA2, cAMP receptor protein (CRP) boxes CRP1, CRP2 and box CytR present in Escherichia coli K12, were identified in sequences of closely related bacteria such as: E.coli, Shigella flexneri, Salmonella enterica serovar Typhimurium, Citrobacter freundii, Enterobacter cloacae and Klebsiella pneumoniae. In more distant bacteria, Y.frederiksenii and P.mirabilis, the rpoH regulatory region has a distal P1-like σ 70 promoter and two proximal promoters: a heat-induced σ E -like promoter and a σ 70 promoter. Sequences similar to the regulatory boxes were not identified in these bacteria. This study suggests that the general pattern of transcription of the rpoH gene in enteric bacteria includes a distal σ 70 promoter, >200 nt upstream of the initiation codon, and two proximal promoters: a heat-induced σ E -like promoter and a σ 70 promoter. A second proximal σ 70 promoter under catabolite-regulation is probably present only in bacteria closely related to E.coli.
INTRODUCTION
Cells of almost any organism respond to a sudden up-shift of temperature and to several other stress conditions by a transient increase in the cellular concentration of a set of proteins, the heat-shock proteins (HSPs). In Escherichia coli K12, approximately 40 genes that encode the HSPs define the heatshock stimulon (1, 2) . Most of these genes, including the main chaperone and protease genes, are under the positive control of σ 32 , encoded by rpoH; while approximately 10 genes, including rpoH, rpoE, fkpA and degP, have a promoter for σ E , encoded by rpoE (1) (2) (3) .
During the heat-shock response there is an increase in σ 32 . This increase is primarily due to an enhanced translation of the rpoH mRNA and stabilization of the protein (1,2); however, transcription of rpoH is subject to complex regulation. This gene has four promoters: P1, P3, P4 and P5. Promoters P1, P4 and P5 are σ 70 promoters, while P3 is controlled by σ E . Promoters P1 and P4 are responsible for rpoH transcription under most growth conditions, while promoter P3 is strongly induced by heat and promoter P5 is a weak catabolite-sensitive promoter (1, 2, 4) . Promoter P1 overlaps the terminator of the cell division operon ftsYEX (5) . In addition, the regulatory region of the rpoH gene, ∼250 bp, contains two cAMP receptor protein (CRP) boxes, two DnaA boxes and one CytR box (4, 6, 7) . It has been proposed that the binding of CRP to box CRP1 increases transcription from P5 and decreases that from P4 (4) , while the binding of the CRP-CytR complex to the CRP1-CytR-CRP2 sites reduces transcription from P3, P4 and P5 (7) . Finally, the binding of DnaA to the DnaA boxes represses transcription from P3 and P4 (6) . The in vivo physiological significance of these boxes has not been completely evaluated.
The presence of rpoH genes and σ 32 -like factors has been determined in several species of the α and γ subdivisions of the Proteobacteria (8) (9) (10) (11) (12) (13) (14) . In addition to a σ 32 factor, a highly conserved controlling inverted repeat of chaperone expression (CIRCE), has also been detected in front of genes groE and dnaK of the α Proteobacteria Agrobacterium tumefaciens, Bradyrhizobium japonicum and Caulobacter crescentus (15, 16) . In bacteria of other divisions, instead of rpoH homologs and σ 32 -dependent promoters, the sequence CIRCE has been detected in the regulatory region of the main heatshock genes, dnaK and groE (15) .
Although in several bacteria the structure and function of the σ 32 protein are similar to those of its E.coli counterpart, the architecture, copy number and regulation of the rpoH gene are *To whom correspondence should be addressed. Tel: + 52 5 622 38 52; Fax: +52 5 622 38 91; Email: cargom@servidor.unam.mx different. In C.crescentus and Pseudomonas aeruginosa this gene is transcribed from two promoters, regulated by σ 70 and σ 32 , and σ 70 and σ E , respectively (17, 18) . Bradyrhizobium japonicum has three copies of the rpoH gene regulated by different mechanisms (11) . Finally, the predicted sequence that generates an mRNA secondary structure involved in translational control of rpoH, and a σ E -putative promoter were found in the γ but not in the α subdivision of the Proteobacteria (19) .
In this study, the rpoH regulatory region of several members of the enteric bacteria was sequenced, analyzed and compared with sequences and regulatory elements previously determined for E.coli and other enteric bacteria. In addition, the transcriptional start sites of rpoH of Yersinia frederiksenii and Proteus mirabilis, two distant members of this family, were determined.
MATERIALS AND METHODS

Bacterial strains
The bacteria used in this study as DNA source were: E.coli, Salmonella enterica serovar Typhimurium, Shigella flexneri, Klebsiella pneumoniae, Citrobacter freundii, Y.frederiksenii and Erwinia amylovora. With the exception of E.amylovora, all strains used were isolated at hospitals in Mexico City, Mexico (14) .
Polymerase chain reaction (PCR) amplification and cloning of the regulatory region of rpoH homologs from enteric bacteria
The regulatory region of rpoH homologs was PCR amplified using different primers complementary to ftsX (forward: F1, 5′-TGATT-GGTGCGACAGATG; F2, 5′-AGAAATTCTGGTGCTGCG; F3, 5′-CCTGCTATTGCTGCTGGTAT; F4, 5′-TTTACGCCACTT-TACGCC) and rpoH (reverse: R1, 5′-CAGTCATTCAAATC-CTCTCA; R2, 5′-GTTACCTTCCTGAATCAAATCC; R3, 5′-CGAGCAATATGAACAACAAACC) coding regions of E.coli K12. The PCR protocol included an initial step of 1 min of denaturation at 95°C, followed by 30 cycles of 30 s of denaturation at 95°C, 30 s of annealing at 50-58°C and 1 min of polymerase extension. A final extension was performed for 5 min at 72°C. Escherichia coli DNA was amplified with primers F1/R2 and primer annealing was at 58°C. Primers F3/R1 were used to amplify DNAs from S.flexneri, Y.frederiksenii, S.enterica and C.freundii and primer annealing was performed at 58, 55, 55 and 53°C, respectively. Klebsiella pneumoniae and E.amylovora were amplified using primers F4/R3 and F2/R3, respectively, and 50°C as annealing temperature. The amplified DNA fragments were electrophoresed in 1% agarose gels in 1× TBE buffer (20) using a 100 bp ladder as size marker and purified by Qiaquick PCR purification kit (Qiagen). The purified DNAs were cloned in the pMOSBlue T-vector (Amersham Life Science). Plasmids carrying the rpoH amplified regulatory region were selected for DNA sequencing.
DNA sequence determination
DNA was sequenced using the Thermo sequenase cycle sequencing kit (Amersham Life Science) and M13 primers. Internal primers were used to complete the sequences.
Primer extension analysis
Synthetic oligonucleotides complementary to nucleotides -15 to -39 of the rpoH regulatory sequence (5′-TGCATGCAT-GTTTAGTGCAAATTTC) of Y.frederiksenii and to +15 to +37 of the rpoH coding sequence (5′-GCGGAACCAAT-GCTAAGGATTGC) of P.mirabilis were 5′-end labeled with T4 polynucleotide kinase and [γ-32 P]ATP. Total RNA was extracted by the acid-hot phenol method from Y.frederiksenii and P.mirabilis cells harvested before and 5 and 10 min after a heat shock from 30 to 43°C and from 30 to 47°C, respectively. The labeled primers were hybridized to 40 µg of total RNA and primer extension reactions were performed using AMV reverse transcriptase (Promega). DNA sequencing reactions carried out with the same primers were used to identify the transcriptional start sites.
Analysis of the nucleotide sequences
The nucleotide sequences were first aligned using the Clustal algorithm of PC/GENE release 6.85 (IntelliGenetics) and were then manually corrected. The relationships among these aligned sequences were estimated by two methods: maximumparsimony (MP) and neighbor-joining (NJ) (21) . The MP method was applied using the branch and bound model (TBR option) of program PAUP 3.1.1 (22) , and the NJ method was applied as implemented by the MEGA program (23) . The genetic distances among rpoH regulatory sequences were calculated by using the two-parameter model (24) . Robustness of MP and NJ trees was determined by analyzing 100 bootstrap replicates using the PHYLIP (25) and MEGA programs, respectively.
Putative CRP and DnaA regulatory sites as well as other sites were initially identified by the method described by Thieffry et al. (26) . Sequences in which no CRP and DnaA sites were identified, were further analyzed by eye searching for sequences that matched any of the three consensus sequences proposed by Messer and Weigel (27) . The putative CytR sites were identified by eye, taking advantage of the consensus sequence defined by Pedersen and Valentin-Hansen (28).
Nucleotide sequence accession numbers
Erwinia amylovora (AF127098), C.freundii (AF127099), K.pneumoniae (AF127100), S.enterica serovar Typhimurium (AF127101), S.flexneri (AF127102), Y.frederiksenii (AF127103) and E.coli (AF127104).
RESULTS AND DISCUSSION
DNA nucleotide sequence comparison of the regulatory region of the rpoH homologs
A total of 10 regulatory region sequences of rpoH homologs from different Enterobacteria were analyzed. The seven sequences obtained in this work were from E.coli, S.enterica serovar Typhimurium, S.flexneri, K.pneumoniae, C.freundii, Y.frederiksenii and E.amylovora. Three sequences were downloaded from GenBank: reference strain E.coli K12 strain MG1655 (AE000422), Enterobacter cloacae (D50829) and P.mirabilis (D50830). The reported partial sequence, 122 nt 5′ to the first rpoH codon of C.freundii (X14960), was also downloaded for comparison with the C.freundii sequence of 276 nt obtained in this work. Both sequences were identical in the overlapping region.
DNA sequences of bacteria closely related to E.coli K12, that is E.coli, S.flexneri, S.enterica, K.pneumoniae, E.cloacae and C.freundii, showed a high degree of nucleotide identity (80-98.8%) compared with that of the reference strain. A lower degree of identity was observed for more distant bacteria, Y.frederiksenii (65.3%), P.mirabilis (55.5%) and E.amylovora (53.0%). The G+C content was similar for all sequences (42-46%), with the exception of P.mirabilis in which the G+C content was much lower, 31.3%. These percentages are lower than the G+C content of the rpoH coding region and the genome of these bacteria (29) .
To analyze the regulatory region of gene rpoH homologs of different enteric bacteria, the E.coli K12 regulatory region was subdivided into distal and proximal regions. The distal region comprises promoter P1 and the putative transcriptional terminator of operon ftsYEX; while the proximal region comprises promoters P3, P4 and P5, and boxes DnaA1, DnaA2, CRP1, CRP2 and CytR.
The alignment of the sequences of the rpoH distal regulatory region of the studied bacteria, is shown in Figure 1 . Erwinia amylovora was excluded from this analysis since its sequence differs greatly from the reference strain. In all aligned sequences, a putative promoter P1 was identified. In P.mirabilis, the -35 and -10 sites differ from those of E.coli K12 in three bases each. In E.coli, S.enterica and S.flexneri, promoter P1 is located at exactly the same position as the E.coli P1 promoter. In K.pneumoniae, E.cloacae, C.freundii, Y.frederiksenii and P.mirabilis, this promoter is located upstream to that of E.coli K12, in relation to the beginning of the gene. The distance separating the -35 and -10 sites was the same in all the strains. The presence of at least one TAA termination codon located between the putative -35 and -10 sites was detected in all the strains. In addition to these termination codons, inverted repeats representing a putative transcriptional terminator were identified 3′ to the -10 sites. The sequence and position of this terminator are identical in E.coli K12, E.coli, S.enterica and S.flexneri. The length of the inverted repeats is lower and the distance separating both inverted repeats is larger in K.pneumoniae, E.cloacae, C.freundii and Y.frederiksenii (Fig. 1) . No similar inverted repeat sequence was identified in the P.mirabilis and E.amylovora distal region. However, it is possible that the E.amylovora and P.mirabilis rpoH regulatory distal sequences obtained were not complete, since the putative transcriptional terminator of operon ftsYEX located upstream of rpoH, was not identified in these sequences.
The sequences of the proximal regulatory region of gene rpoH aligned for their analysis were those of E.coli K12, E.coli, S.enterica, S.flexneri, K.pneumoniae, C.freundii, E.cloacae, Y.frederiksenii and E.amylovora (Fig. 2) . The sequence of P.mirabilis corresponding to this region differs greatly from those of the other bacteria, and was not included in this alignment.
In all aligned sequences, a putative σ E promoter (P3) was identified (Fig. 2) . A similar promoter is also present in the P.mirabilis proximal region; however, it is located at a different position (-10 and -35 sites at -121 and -142, respectively). The presence of this promoter was previously reported by Nakahigashi et al. (9) .
The -10 and -35 sites of promoter P4 of E.coli, S.enterica and S.flexneri were identical to that of E.coli K12. In general, the -35P4 sites of the other bacteria presented a lower number of nucleotide changes than those presented by the -10P4 sites. For example, the -35P4 sites of C.freundii, E.cloacae and E.amylovora were identical to that of E.coli K12, while the -10P4 sites differed in 1, 1 and 5 nt, respectively. This conservation may be related to the CRP sites present in these sequences overlapping the -35P4 site.
Sequences similar to the -10 region of promoter P5 of E.coli K12 were found in almost all analyzed bacteria (Fig. 2) . A putative -35P5 region should be located at 21 nt 5′ to the -10P5 site of E.coli K12. Similar -35P5 sites were identified in other bacteria, with the exception of Y.frederiksenii and E.amylovora. Sequences similar to promoters P4 and P5 were not identified in the proximal regulatory region of P.mirabilis.
Sequences similar to the DnaA1, DnA2, CRP1, CRP2 and CytR boxes of E.coli K12 were identified at almost the same position in the E.coli, S.enterica, S.flexneri, K.pneumoniae, C.freundii and E.cloacae sequences (Fig. 3) . The CytR box overlaps DnaA1, and CRP1 overlaps DnaA2. On the other hand, DnaA2 overlaps the -35P4 site, while CRP1 overlaps the -34P4 and -35P5 sites (4,6,7). In P.mirabilis, one putative DnaA2 box (GTTGATAAA) was identified downstream of the σ E promoter. The location of this box suggests that binding of protein DnaA could repress transcription from this promoter, as it does in E.coli K12 (6). Sequences similar to the DnaA, CRP and CytR boxes were not identified in the corresponding region of Y.frederiksenii and E.amylovora. In the sequences in which putative DnaA and CRP boxes were present, an AraC binding site was also identified. The fact that only one putative AraC box was identified and that it overlaps boxes DnaA2 and CRP1 (Fig. 3) , suggests that this box could be non-functional.
Phylogenetic relationships among rpoH regulatory regions
The alignment of the regulatory region sequence data of gene rpoH homologs consisted of 307 nucleotide sites for each of the 10 species of the enteric bacteria analyzed. Of these sites, 274 were variable and when sites with gaps were excluded to reduce systematic errors, 166 and 179 sites were variable and informative in the MP and NJ analysis, respectively.
The trees obtained with the MP and NJ analysis were further analyzed by carrying out bootstrap searches with 100 replicates. In both cases, a single tree was obtained. The tree obtained by NJ analysis is shown in Figure 4 . The topology of this tree shows three main groups. The first group includes the rpoH regulatory sequences of E.coli K12, E.coli, S.enterica and S.flexneri. The second group includes three species, K.pneumoniae, E.cloacae and C.freundii. Finally, the sequences of E.amylovora and P.mirabilis form a basal group while Y.frederiksenii appears as a sister species of this group.
The topology of the tree (Fig. 4) shows that the sequences of the first group exhibited slower evolution at nucleotide level; therefore, this group has shorter branch lengths than the second group. The MP tree obtained after a moderated bootstrap analysis (data not shown), also supports all these relationships among the rpoH regulatory sequences of the enteric bacteria studied.
The relationships inferred from the MP and NJ analysis of the regulatory region of rpoH homologs suggests that the regions of E.coli K12, E.coli, S.enterica and S.flexneri conform a closely related group (Fig. 4) . Klebsiella pneumoniae, E.cloacae and C.freundii constitute another group that shows a higher nucleotide substitution rate than that of the previous group. Finally, the sequences of Y.frederiksenii, E.amylovora and P.mirabilis were found to be distant to these two groups. Similar relationships among enteric bacteria have been found comparing the conserved 2.1-2.4 coding region of σ 32 (9) . The relationships among the sequences of the regulatory region of gene rpoH reported in this work are similar to the phylogenetic relationships among enteric bacteria (30) . Given that the topology of the tree with regulatory regions reproduces the evolutionary distances among these bacteria, we assume that the evolution of these regulatory regions did not involve major shuffling events in these regions.
Mapping of rpoH transcription start sites in Y.frederiksenii and P.mirabilis
To determine the presence of functional promoters in the regulatory region of the rpoH genes of Y.frederiksenii and P.mirabilis the 5′-end of the transcript was identified by primer extension analysis. In Y.frederiksenii, three transcription start sites were detected at positions -253 (P1), -105 (P2) and -82 (P3) (Fig. 5A) . Transcription from P2 increased ∼10-fold after a 10 min heat shock from 30 to 43°C, while that from P1 and P3 showed only a slight increase (Fig. 5A) . The proposed -35 and -10 sites for the putative σ 70 promoters P1 and P3, as well as the -35 and -10 sites of the putative σ E promoter P2 (Fig. 5B) , correspond to those predicted by the sequence comparison analysis shown in Figure 1 . Promoters P1, P2 and P3 seem to be homologous to promoters P1, P3 and P5 of E.coli (Figs 1 and 2) . However, in Y.frederiksenii the transcripts from the putative P5-like promoter P3 are present in growth conditions in which those of the catabolite-sensitive E.coli P5 promoter are not detected (1, 31) . This result and the lack of sequences homologous to the CRP box in the rpoH regulatory region of Y.frederiksenii suggest that, in this bacterium, P3 is not under CRP regulation.
Three transcription start sites were also detected in P.mirabilis. These sites are localized at positions -242 (P1), -121 (P2) and -115 (P3) (Fig. 6A) . At 30°C, the predominant transcripts were those corresponding to P1 and P3. A 10 min heat shock from 30-47°C induced a 2-fold and a 10-fold increase in the amount of the P1 and P2 transcripts, respectively. In contrast, under the same experimental conditions, there was a clear decrease in the level of transcription from P3 (Fig. 6A) . The proposed -35 site for promoter P1 (Fig. 6B) is the same as that predicted by sequence comparison (Fig. 1) . However, in order to optimize the distance between the transcription start site and its -10 box, a different sequence (AATAAT), 2 nt upstream of that shown in Figure 1, is proposed (Fig. 6B) . The σ E -like -35 (GATATG) and -10 (GCTGG) sites are proposed for P2 instead of the sequences predicted by Nakahigashi et al. (9) and by our sequence analysis. The -10 sequence previously predicted is localized at only 1 nt upstream of the transcriptional start site, while the -10 box proposed after the primer extension analysis is 5 nt upstream of that site. Finally, -10 and -35 sites are proposed for promoter P3 (Fig. 6B) , a promoter that was not identified by sequence comparison analysis. Promoters P1, P2 and P3 seem to be homologous to the E.coli promoters P1, P3 and P4. In P.mirabilis, as in E.coli, promoters P2 and P3 and promoters P3 and P4, respectively, are overlapped (Figs 2 and 6B). In both strains a heat shock induces an increase in the level of transcription from the σ E promoter and a decrease in that from the overlapped σ 70 promoter. Primer extension analysis performed with total RNA from P.mirabilis cells grown in minimal medium with glucose or glycerol did not detect a catabolite-sensitive promoter distal to P3 (data not shown). These results and the lack of CRP-like boxes in the rpoH regulatory region of P.mirabilis suggest that this bacterium does not have an E.coli P5-like promoter.
Analysis of the regulatory region sequences of the enteric bacteria rpoH genes, of the phylogenetic study of these sequences and the mapping of the rpoH transcription start sites in Y.frederiksenii and P.mirabilis, suggest that in most enteric bacteria, rpoH should be transcribed from one σ E -like promoter and from at least two σ 70 -like promoters. A common organization of the enteric bacteria regulatory region shows a distal σ 70 -like promoter up to 200 nt upstream of the initiation codon, a proximal σ E -like heat-induced promoter and a second σ 70 -like promoter localized downstream from this promoter. The two proximal promoters seem to be overlapped in most of the members of the enteric bacteria family, including the more distant member of the family, P.mirabilis. However, in Y.frederiksenii, another distant member, these proximal promoters do not overlap. A third σ 70 promoter localized downstream of these two promoters and regulated by CRP, is probably present only on those members of the enteric family closely related to E.coli, i.e. Shigella, Salmonella, Klebsiella, Enterobacter and Citrobacter.
The pattern of regulation of the rpoH gene probably varies slightly among members of the two groups closely related to E.coli (Fig. 4) . In these bacteria, transcription from the rpoH promoters P3, P4 and P5, appears to be modulated by various regulatory proteins, DnaA, CytR and CRP. This is probably true mainly for Shigella and Salmonella, since the CRP2 and CytR boxes of the other bacteria of these groups show a sequence with less consensus. The pattern of rpoH regulation could show higher differences for bacteria of the third group, Y.frederiksenii, E.amylovora and P.mirabilis. It is important to mention that E.amylovora is a plant bacterium and that P.mirabilis has a lower G+C content compared with the other enteric bacteria.
To better elucidate the mechanisms governing the transcription of gene rpoH in E.coli K12 and other enteric bacteria, a direct experimental approach is necessary. This approach must be focused mainly on the regulatory mechanisms that couple rpoH transcription of different promoters, to the carbon source, cellular response to several stress conditions and probably DNA replication. 
